Abstract: Plasmonic nanostructures have a great potential for enhancing light absorption of organic solar cells (OSCs). Our previous work has demonstrated that light absorption for OSCs with thin active layer can be significantly increased with a 1-D short-pitched metal grating, but the absorption enhancement is sensitive to the polarization of light and vanishes when the active layer is thicker than 60 nm. In this work, we extend the grating into 2-D space, specifically, with metallic nanocylinders packed in a hexagonal array embossed at the silver cathode. Numerical calculations indicate that the proposed OSC not only possesses polarization insensitivity but outperforms the corresponding equivalent planar device as well when the thickness of the active layer changes over a wide range from 40 to 120 nm. The absorption enhancement factor increases with the decrease of the active layer thickness, reaching 81.5% when the active layer is 40-nm thick. The evident enhancement in absorption is mainly due to the excitation of the strong dipole-like surface plasmon resonance, as well as their mutual coupling between neighboring nanocylinders. The present work could provide a promising route for the development of high-efficiency OSCs.
Introduction
Efficient light trapping is greatly desired for organic solar cells (OSCs) to satisfy the requirement that the active layer should be optically thick and electrically thin [1] , [2] due to low carrier mobility in organic semiconductors [3] . In the past years, we have witnessed a significant improvement on performance of OSCs using metallic nanostructures [1] , [2] , [4] , [5] . Among them, utilizing the nanostructured metal back reflectors in OSCs is confirmed to be a highly effective route of harvesting light [6] - [21] . The light trapping ability of the metal back reflector is influenced by its shape, dimension, and arrangement of the geometry. In principle, the absorption enhancement in the active layer is achieved by the excitations of surface plasmon resonances (SPRs) and/or photonic modes [22] . For 1-D metal grating, SPRs can only be excited under the transverse magnetic (TM) polarized incidence, which means the increase of light absorption impossibly occur at the transverse electric (TE) polarization by SPRs [2] , [6] - [13] . One can enhance light absorption at TE polarization by resorting to the excitation of photonic modes [6] , [11] , [13] . Even though, this kind of OSCs still suffers the polarization sensitivity as the excited optical resonances are different at different polarizations. Instead, if the metal grating is extended into 2-D space, the plasmonic resonances can be independent of the polarization of the incident light, resulting in a further enhancement in absorption in OSCs at hybrid polarization [14] - [21] .
It is noted that most of the existing investigations have focused on the metallic nanoarrays having scales larger than a hundred of nanometers [14] - [21] , [23] - [26] , while those with smaller geometry, being widely applied in surface-enhanced Raman spectroscopy [27] , [28] , have been rarely explored in the area of OSCs. In our previous works [29] - [31] , we have demonstrated the potential of 1-D short-pitched metal gratings in enhancing light absorption of active layer in OSCs. In this paper, a 2-D short-pitched hexagonal array of metal nanocylinders is developed to further improve the light absorption property in OSCs. The proposed plasmonic OSC outperforms the equivalent planar device when the thickness of the active layer changes from 40 nm to 120 nm. Compared to the planar control cell with the active layer at its optimized thickness, our plasmonic OSC demonstrates 7.3% higher integrated absorption. The absorption enhancement factor reaches 81.5% when the thickness of the active layer decreases to 40 nm. Meanwhile, our proposal exhibits the pronounced absorption enhancement at wide angular ranges. In practice, such a 2-D metal grating incorporated OSC can be realized by the nano-imprinting method, and expensive techniques, e.g., the electron beam lithography, can be partly replaced [32] . It is expected that our proposal will provide a promising strategy for developing high efficiency OSCs. Fig. 1(a) illustrates the 3-D schematic diagram of the proposed OSC with a hexagonal array of silver nanocylinders introduced at the back cathode. The top ITO layer as the transparent conductive anode has a thickness of 100 nm. The adjacent planar PEDOT:PSS is 20 nm thick as the hole transporting layer. The following patterned PSBTBT:PC 71 BM (consisting of the blend of poly{(4,4'-bis(2-ethylhexyl)dithieno(3, 2-b; 2', 3'-d)silole)-2, 6 -diyl-alt-(2, 1, 3-benzothiadiazole)-4, 7-diyl} and [6, 6] -phenyl C71-betyric acid methyl ester) is used as the active layer with a thickness of t. The back cathode is a continuous Ag film of 200 nm thick combined with a hexagonal array of silver nanocylinders with height of h deeply embedded into the active layer, which simultaneously performs as a plasmonic coupler to achieve light trapping. The geometry of the hexagonal array of silver nanocylinders is displayed in the subgraph of lower right corner of Fig. 1(a) , in which D represent the diameter of cylinders, and l + D /2 indicates the distance between the centers of two adjacent cylinders. In the simulated unit cell [see the dotted box shown in Fig. 1(a) ], p x and p y are the periods of the hexagonal array along x-axis and y-axis directions, equal to D + l and √ 3p x , respectively. The fill factor f is defined as D /p x . The proposed OSC are investigated theoretically by the Finite Difference Time Domain (FDTD) method [33] , which has been verified by repeating the work in [17] and [34] . All simulations are carried out with periodic boundary conditions applied along both x-axis and y-axis, and perfectly matched layer (PML) boundaries along z-axis. Light are illuminated from the top ITO side at TM (or TE) polarization, which has the magnetic component (or the electric component) along the y-axis. The wavelength dependent refractive indices (n) of PSBTBT:PC 71 BM are obtained from [35] ; see Fig. 1(c) . In addition, other refractive indices related in this work are extracted from [29] - [31] . The absorption efficiency (η) and integrated absorption efficiency (η I ) of the active layer are calculated over the wavelength range from 350 nm to 850 nm. In addition, the planar cell is also investigated as the control, of which the active layer has an equivalent thickness as that of the proposed cell (denoted as NC) for ensuring the same volume of active material in both structures. The optimized parameters of nanocylinders are l = 12 nm, D = 12 nm, and h = 35 nm according to our calculations. that the absorption performance of the NC device is always superior to that of the control device when t is tuned from 40 nm to 120 nm. At the cases with small t, the absorption of the planar cell is quite poor, especially at wavelengths longer than 500 nm; the corresponding η I of the equivalent planar cell when t = 40 nm (corresponding to an equivalent thickness of 32 nm in planar cell) is only 36.8%. With the increase of t, the absorption of the equivalent planar cell becomes increasingly higher until t = 93 nm (corresponding to an equivalent thickness of 85 nm in planar cell), and the maximum η I of 72.9% is achieved, in which the first order Fabry-Perot (FP) cavity resonance is excited with efficient absorption produced at the wavelength range between 500 nm and 800 nm. Against the planar cell is that fact that the plasmonic OSC including the hexagonal array of silver nanocylinders displays very efficient absorption even when the active layer is very thin. We see in Fig. 2 (a) that when t = 40 nm, the NC device performs outstanding absorption at the wavelength range between 500 nm and 800 nm, and the corresponding η I is 66.8%, reaching 91.6% of the highest η I (72.9%) of the planar device and increased by 81.5% (88% under AM 1.5G solar spectrum illumination) with respect to that of the equivalent planar control device. Such a desirable η I of the NC device with only 40 nm thick structured active layer is equal to that of the planar device with about 62 nm thick active layer, which means a large reduction in material consumption achieved by our proposal. As t increases from 40 nm to 120 nm, the integrated absorption of the NC device first increases then reaches the stable status. With the increase of t, the enhancement factor [the insert of Fig. 2(b) ] first decreases then getting to the stable status of ∼8%. For the NC device, the maximum η I is 78.2% achieved at t = 85 nm, exceeding the maximum η I for the planar device by 7.3% (6.8% under AM 1.5G solar spectrum illumination). The above investigations indicate that our proposed structure is more efficient for improving light harvesting in a thinner active layer. In consideration of electrical properties of OSCs, thin active layer should also be more beneficial to provide a short charge transport path for minimizing the bulk recombination loss and facilitating charge collection. Therefore, as long as thin active layer can absorb enough incident light by light manipulate structure, it should be approved in a real OSCs. However, the devices with thin active layer maybe suffer from the risk of shunting paths because the formation of non pin-hole homogenous thin active film is very challenging in experimentally.
Structure and Method

Results and Discussions
We further examine the detailed absorption property of the NC device with t = 40 nm. Fig. 3(a) shows the absorption spectra of the NC device (thick line) and the equivalent control device (thin line). It is observed that the absorption efficiency η is drastically enhanced over a very wide wavelength range from 474 nm to 900 nm and is slightly decreased in a narrow wavelength range from 350 nm to 474 nm. The absorption enhancement overwhelmingly outperforms the absorption decline, bringing forward a considerable increase in the integrated absorption efficiency η I [see Fig. 2(b) ]. The enhancement factors of absorption over the investigated wavelength range for the NC device compared with the equivalent control device [ η, calculated by (η NC −η Control )/η Control ] are shown in Fig. 3(b) (thick line). Three significant enhancement peaks are observed at λ 1 = 630 nm, λ 2 = 718 nm and λ 3 = 828 nm with η of 226%, 226% and 643%, respectively. Meanwhile, the absorption spectrum in the Ag cathode containing nanocylinders (η Ag) is also plotted; see Fig. 3(b) (thin line). It is found that at the three enhancement peaks, the absorption in the Ag cathode also reaches its local maxima. It is then deduced that the absorption enhancement in the active layer could be ascribed to the excitation of resonances produced by the Ag nanostructures (as presented in the following). It is also noticed the Ag cathode with nanocylinders possesses a very strong absorption peak at 382 nm, but the absorption of the active layer in the corresponding NC device is suppressed with respect to the planar control. This is because the material property of Ag at this wavelength range is no longer noble metal but lossy dielectric [29] - [31] . To elucidate the physical origin of the observed absorption enhancement in the proposed NC device, the electromagnetic field distributions at the three enhancement peaks [λ 1 , λ 2 , and λ 3 as labeled in Fig. 3(b) ] are investigated under TM polarization. Here, the distributions of the electric field amplitude (|E|) at the x-y plane at the top surface of the nanocylinders, the x-z plane at y = 0 and the y-z plane at x = 0 are plotted in Fig. 4(a)-(c) . One sees clearly that, at all three wavelengths, there are very strong electric field accumulated around the Ag nanocylinders, which belongs to the dipole-like localized surface plasmon resonance (D-LSPR) [36] . Mutual coupling of D-LSPRs between neighboring Ag nanocylinders is observed along x axis as well as y axis. Especially, among the three investigated cases, the coupling effect is the strongest at λ 3 . Such coupling effect of D-LSPRs is beneficial to the field enhancement in the active material located between neighboring Ag nanocylinders, as we see in Fig. 4(b) and 4(c) that the electric field intensity in-between neighboring Ag nanocylinders is quite stronger at λ 3 than at other two wavelengths. That could be the reason why the enhancement factor of the integrated light absorption at λ 3 is much higher than that at λ 1 or λ 2 . It is noticed from Fig. 4(c) that there is also a penetration of light at the head of the Ag nanocylinders due to the excitation of D-LSPRs and their mutual coupling, but it is strange that the amplitude of |E| at the head of Ag nanocylinders does not increase linearly when approaching the wavelength of the strong coupled D-LSPR mode (i.e., λ 3 ). Here, one sees that the amplitude of |E| at the head of Ag nanocylinders is stronger at λ 1 than at λ 2 . To explain that phenomenon, the distributions of the magnetic field amplitude (|H|) at the x-z plane at y = 0 and the y-z plane at x = 0 are calculated as plotted in Fig. 4(d) and (e). The abnormal change of |E| at the head of Ag nanocylinders could be attributed to the excitation of magnetic resonance. It is observed from Fig. 4(d) and (e) that the accumulation of magnetic field are produced at the head of Ag nanocylinders at λ 1 and λ 2 but not at λ 3 . As is well known, at the metal/dielectric interface, propagating surface plasmon polaritons (SPPs) can be excited [22] , [28] . In our design, the top surface of the Ag nanocylinders acts as the metal/dielectric interface exciting propagating SPPs, which gets reflected back and forth when meeting the sidewall of the Ag nanocylinders. The resulted resonant profile is as displayed in Fig. 4(d) and (e). The magnetic field is more stretched at the center of the top surface of the Ag nanocylinders than at the side corner. Obviously, the magnetic field located at the head of the Ag nanocylinders at λ 1 is stronger, correspondingly bringing forward a stronger electric field, than that at λ 2 . This can just explain why the |E| amplitude at λ 1 is stronger than that at λ 2 . In Fig. 4(d) and (e), uniform magnetic field is also observed at the bottom of active layer (z = 0) at all three wavelengths because such a short-pitched grating can be regarded as a planar effective medium with anisotropic permittivities [37] . To sum up, the absorption enhancement induced in our plasmonic OSC device mainly origin from the excitation of D-LSPRs as well as their mutual coupling while the magnetic resonance at the top head of Ag nanocylinders only plays a minor role.
The light absorption performance at off-normal incidence is also an important aspect for OSCs as the angle of the solar radiation changes over time. Fig. 5(a)-(c) show the angular dependent absorption maps in the active layer under different polarized light incidence for the proposed structure when t = 40 nm. Fig. 5(d) displays the integrated absorption efficiencies (η I ) versus the incidence angle at different polarizations. As can be seen from Fig. 5(a) , at TM polarization, the absorption band is broadened gradually, so that η I increases from 66.8% to 68.6% as the incident angle changes from 0 to 70 degree. While at TE polarization, the absorption band become narrow gradually [see Fig. 5(b) ], bringing forward a roll-off of 16.5% in η I when the incident angle is tuned from 0 to 70 degree. The distinct angular responses under different polarizations originate from the difference in the direction of the electric field component at different incident angle [38] , [39] , which mainly affects the intensity of D-LSPR resonance excited. In addition, we found that the magnetic field distributions (not shown here) at oblique incidence perform a relatively stronger cavity resonance compared to the case at normal incidence at short wavelength range from 350 nm to 500 nm [38] , which should also be responsible for the enhanced absorption under TM polarization at large incident angles except for the strengthened plasmonic resonant modes. Benefiting from the wide-angle, broad-band, and high-factor absorption enhancement at TM polarization, the designed NC device exhibits an angular insensitive absorption response at TM/TE hybrid polarization; see Fig. 5 (c), with only a decrease of 6.6% in η I as the incident angle increases from 0 to 70
• . Such omnidirectional feature is very favorable for practical applications of solar harvesting.
Next, numerical studies on the influences of the geometrical parameters of the Ag nanocylinders on the absorption performance of the NC device are carried out at normal incidence. First, with p x fixed to 24 nm, we investigate the dependence of η I on the height (h) and fill factor (f) of the Ag nanocylinders array; see Fig. 6(a) . It is observed that both the height and fill factor of the nanocylinders have important influences on η I . The optimized result of η I is obtained at h = 35 nm and f = 0.5, denoted as point A in Fig. 6(a) . In detail, the absorption spectra with f tuned (at h = 35 nm) or with h tuned (at f = 0.5) are investigated, as shown in Fig. 6 (b) and 6(c), respectively. One can see from Fig. 6(b) that the light absorption is strengthened in long wavelength band and is weakened in short wavelength band with the increase of f. The careful investigations of field distributions indicate that the variation of f does not induce any new light capturing mechanisms but only impacts on the strength of resonant modes. The larger, f the more the energy loss in the Ag nanocylinders, resulting in the decline of light absorption in the short wavelength band. The smaller f the weaker the coupling of D-LSPRs between neighboring Ag nanocylinders, bringing forward the decrease of light absorption in the long wavelength band. The strongest light absorption is gained when f is equal to 0.5. Similarly, it can be seen from Fig. 6 (c) that as h increases gradually, the light absorption becomes stronger in the long wavelength band. Obviously, this is because short nanocylinders are inferior to generate D-LSPRs than long nanocylinders. Here, since the thickness of the active layer is fixed, the increase of the nanocylinders height brings the reduction of the volume of the active material. As a result, the integrated absorption efficiency is maximized at h = 35 nm.
Finally, the influence of the period of the nanocylinder array (p x ) on the light absorption of the active layer in NC devices is investigated. Fig. 7(a) displays the absorption spectra at tuned p x . The optimized parameters of h and f (h = 35 nm and f = 0.5) are used in calculation. Obviously, it is observed from Fig. 7(a) that the absorption band of the active layer is wider and the related absorption efficiency is stronger when p x is smaller than ∼80 nm. As p x increases, the absorption band becomes significantly weakened in the long wavelength region as the D-LSPRs are less efficiently excited. It is noticed that, as p x is greater than 100 nm, there is an absorption band centered at about 400 nm, which is actually the same absorption band as that observed in the spectrum of the planar OSC [as shown in the right panel of Fig. 2 (b) t = 40 nm, as well as in Fig. 3(a) , the thin line] because the nanocylinders take only a quite small part of the whole period. This band suffers serious mode splitting when p x becomes greater than 200 nm, due to the optical lattice scattering effect of the nanocylinder array. Furthermore, the integrated absorption efficiency (η I ) versus the array period (p x ) is calculated, as shown in Fig. 7(b) . It is found that with the increase of p x , η I gradually drops and reaches its minimum value of 46.3% at p x = 550 nm, nevertheless, still superior over that of the planar cell (36.8% with t = 40 nm). With the further increase of p x , another local maximum of η I (48.5%) is produced at p x = 670 nm but much lower than that when p x = 24 nm (the structural parameter used in our design). The plasmonic grating with relatively large period should be further optimized before being applied in the present OSC structure and related studies can be found in [18] and [19] .
Conclusion
In conclusion, an OSC based on a silver cathode possessed with a hexagonal array of nanocylinders has been explored numerically for improving the light trapping ability in the active layer. Our study reveals that the utilization of such a 2-D nanostructured Ag cathode outstandingly improves the absorption in the active layer relative to the planar control device, when the thickness of the active layer changes from 40 nm to 120 nm. The integrated absorption efficiency for the OSC with a 40 nm-thick active layer under un-polarized normal incidence reaches 66.8%, equal to that of the planar device with about 62 nm thick active layer, saving approximately half of the active material. Particularly, the maximum integrated absorption efficiency of the NC device is 78.2% increased by 7.3% over that of the planar device. The improved light trapping behavior for our proposed device is mainly attributed to the excitation of D-LSPR mode and the strong coupling of D-LSPR modes between neighboring Ag nanocylinders. In addition, our proposal demonstrates a wide angular and polarization-insensitive absorption property. The dependences of absorption properties on the geometrical parameters have also been studied. The proposed design is expected to provide a promising route for the development of high-efficiency OSCs.
